This copy of the accepted manuscript is provided to enable dissemination through Open Access to the scientific data; the version of record is that provided by the publishers. and consequently it is unclear whether supraspecific diversity can be confidently translated to 134 a probabilistic approximation of species diversity. That is, if a taxon is only identified to 135 genus level, is it possible to establish a probability envelope of how many species it 136 represents globally? To address this question, we compared empirical and simulation data to 137 determine the range of behaviour in genus size frequency distributions, and the variability of 138 these distributions under different taxonomic algorithms and evolutionary rates. Consistent 7 behaviours in 'real world' taxonomy and in evolutionary simulations would indicate that 140 generalised principles of systematics could lead to robust quantification of diversity from 141 taxonomic surrogacy. 142 Early work on mathematical approaches to macroevolution used birth-death models 143 (Kendall, 1948) to explore the impact of speciation and extinction rates on patterns of 144 cladogenesis (Rannala et al., 1998; Huelsenbeck & Lander, 2003) . David Raup (1933 Raup ( -2015 145 and colleagues produced a computer program they referred to as 'MBL' after a meeting in the 146 Marine Biological Laboratory at Wood's Hole, Massachusetts (Raup et al., 1973; Raup & 147 Gould, 1974). Their explorations of the performance of birth-death models with this tool 148 demonstrated the importance of the interplay of speciation and extinction rates (Sepkoski, 149 2012). These systems continue to provide a robust and elegant framework to explore 150 macroevolutionary dynamics (Nee, 2006; Budd & Jackson, 2016) . 151 Tree simulation based on birth-death systems, with high replication resulting from 152 modern computing power, is here used to assess whether or not genus size distribution in 153 real-world taxonomic data can be reproduced using simple models. We imposed three 154 algorithmic taxonomic classifications on large samples of simulated trees, to compare a range 155 of speciation and extinction parameters and their potential impacts on genus size trends. We 156 also analysed a broad sampling of taxonomic data from living metazoans, to assess the
Methods

165
Real-world taxonomy 166 We gathered comprehensive taxonomic datasets for a broad selection of 167 animal groups. These datasets were selected primarily based on taxonomic completeness and 168 global species coverage, and their acceptance and/or use by the community of relevant 169 taxonomic experts. In each dataset, taxa were treated to the same stringent quality checking. 170 Each database was filtered to exclude fossil species where present, and line checked to 171 remove incomplete binomial epithets or false duplication due to genuine typographical errors. 172 To facilitate comparisons across groups with potentially very different taxonomic 173 conventions, it is necessary to impose certain a priori filters that could be applied to all the 174 datasets. We did not include subspecies or subgenera in this analysis (following e.g. Alroy et assigned to a genus, not all species are associated with a subgenus, and not all species are 178 split into subspecies. Some prior studies on well-curated datasets of marine taxa 'elevated' 179 subgeneric taxa to genus level (e.g. Raup, 1978 will split into two daughter lineages (a 'birth' with probability noted lambda, λ), go extinct (a 203 'death' with probability noted mu, µ) or persist unchanged (with probability 1-λ-µ). The 204 interactions of these parameters control several important properties of the descendent clade 205 ( fig. 1) . Firstly, the probability of total extinction of the descendant clade is determined by 206 the ratio µ/λ: if the extinction rate is higher than the speciation rate, then the descendant clade 207 will eventually go extinct; otherwise the probability of total extinction decreases as µ/λ drops.
208
This ratio is illustrated in figure 1 as the shades of grey in the probability space, where the 209 black half above the diagonal µ=λ indicates inevitable total extinction. Secondly, the expected 210 number of living descendent lineages at time t increases exponentially dependent on the 211 difference (λ-µ) between speciation and extinction rates. This second property has been more 212 frequently discussed in previous literature, especially in terms of the potential for rapid 213 exponential growth of clades when the speciation rate exceeds the extinction rate (Raup, 214 1985) . In biologically realistic scenarios, the values are near balanced (Marshall, 2017 number of descendents in a fixed span of time ( fig. 1) . Thus, if the speciation rate (λ) is lower 218 than the extinction rate (µ), the expected number of descendent species goes to zero (λ-µ < 0), 219 and the clade inevitably goes extinct (µ/λ > 1). If the speciation rate is much higher than the 220 extinction rate, the population rapidly explodes into biologically unrealistic species richness. 
Synthetic taxonomy
223
In the case of the present models, fixed speciation (λ) and extinction (µ) rates were
We selected five pairs of values for the parameters λ (speciation probability at each 239 iteration) and µ (extinction probability at each iteration) for use in this study. These were 240 selected to give the same value of λ-µ = 0.01, and hence to provide the same value for mean 241 number of species at t=400 in all cases (calculated as e t (λ-µ) = e 4 ≈ 54.6 living species at time 242 t=400 large mammal genus represents a larger proportion of total mammal genus diversity.
313
Mammal genera have a broader range of species-richness relative to birds, but neither of 314 these two groups was significantly different from any other group, including the total group.
315
Size-frequency distributions followed a similar pattern in all groups; however, the 316 sizes of the largest genera were distinctly different. The largest marine invertebrate genera 317 are an order of magnitude larger than other groups that we examined ( fig. 3 ; table 1).
318
Nonetheless, the proportions of monotypic genera were consistent (table 1) (Lee, 2003) .
424
The dominance of monotypic genera, and the rarity of large genera, is an established 425 consistent pattern that has been 're-discovered' repeatedly for more than a century (Aldous, 426 2001). Indeed, the pattern should be expected from birth-death models (Kendall, 1948 is not dependent on genera being monophyletic, yet it also emerges consistently from 527 simulations using strict monophyly. Future studies can expand on the present work to estimate diversity using a modelling 543 approach for reconstructing species diversity from a more accurate generalised probability 544 distribution for genus diversity. slightly more than 10% of nominal reptile species, and the species in monotypic genera 553 account for less than 10% of species in each of the taxonomic datasets included herein.
554
Among relatively under-studied groups, large genera are often 'bucket' taxa awaiting 555 taxonomic revision, rather than interesting evolutionary phenomena. In our datasets, there are 556 only five genera with more than 500 species (all marine invertebrates). Some have additional 557 structure; the gastropod Conus, for example, was recently divided into 57 sub-genera 558 (Puillandre et al., 2015) . Flowering plants and fungi, not sampled here, contain some of the 559 largest eukaryotic genera with thousands of species (Minelli, 2015) ; these too often have 560 recognised additional phylogenetic structure and are split into many subgenera. Among all 561 groups, most very large genera appear to represent units that are not 'real' either in that they 562 are non-monophyletic or not appropriate to the rank of genus.
563
In order to compare like with like, across a broad range of organisms, we considered 564 that it was better use the taxonomic ranks assigned by experts rather than impose our own re- across all the animal groups we investigated.
571
The main goal of our study was to determine whether taxonomic rank in general, but 572 genera in particular, can predict species biodiversity; one immediate outcome is that our 573 findings can be used to assess where biological groups may deviate from that null model. We 574 suggest for example that this is further evidence to support critical re-examination of 575 unusually large genera especially among marine invertebrates, and unusually high 576 frequencies of small genera, such as in mammals. The three taxonomic algorithms we used to classify our simulated trees, usually 626 recovered genera that had smaller maximum sizes than in 'real world' data. Large genera in 627 some cases reflect the existence of 'bucket' para-or polyphletic genera in real-world 628 taxonomy; these are never present in our simulations. Other very large genera in the real 629 world are undoubtedly monophyletic and may be already subdivided into subgenera, which 630 may in fact be more equivalent to the genus rank in other clades (e.g. the mollusc genus model did not allow for synergistic effects of speciation rates and environment, which are 633 thought to underpin rapid radiations (Harmon & Harrison, 2015) .
634
It is increasingly well understood that both speciation rates and extinction rates vary 635 among clades and even within clades over time (Marshall, 2017) , although these rates may be 636 approximately equal (zero net diversification) across all clades over time (Ricklefs, 2007) or 637 with a narrow tendency for globally increasing diversity (Bennett, 2013 genera to be the monophyletic groups of descendants of nodes after a given depth threshold. 946 Table   949 950 
